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Calcium/calmodulin kinase II (CaMKII) is required for
LTP and experience-dependent potentiation in the
barrel cortex. Here, we find that whisker deprivation
increases LTP in the layer IV to II/III pathway and
that PKA antagonists block the additional LTP. No
LTP was seen in undeprived CaMKII-T286A mice,
but whisker deprivation again unmasked PKA-sensi-
tive LTP. Infusion of a PKA agonist potentiated
EPSPs in deprived wild-types and deprived CaMKII-
T286A point mutants but not in undeprived animals
of either genotype. The PKA-dependent potentiation
mechanism was not present in GluR1 knockouts. In-
fusion of a PKA antagonist caused depression of
EPSPs in undeprived but not deprived cortex. LTD
was occluded by whisker deprivation and blocked
by PKA manipulation, but not blocked by cannabi-
noid antagonists. NMDA receptor currents were
unaffected by sensory deprivation. These results
suggest that sensory deprivation causes synaptic
depression by reversing a PKA-dependent process
that may act via GluR1.
INTRODUCTION
Sensory responses can be potentiated or depressed by depriva-
tion of input in the visual cortex (Gordon and Stryker, 1996; Hey-
nen et al., 2003; Wiesel and Hubel, 1963) and barrel cortex (Allen
et al., 2003; Celikel et al., 2004; Finnerty et al., 1999; Glazewski
and Fox, 1996). A major goal for the field has been to discover
the synaptic mechanisms responsible for such lasting changes
in synaptic transmission, as a means of understanding natural
mechanisms underlying plasticity in the neocortex. A good
deal of progress has been made in uncovering some of the fac-
tors involved (for reviews see Feldman and Brecht, 2005; Fox
andWong, 2005). However, the existence of many different syn-
aptic plasticity mechanisms complicates the problem (Malenka
and Bear, 2004).
CaMKII has been shown to be involved in both synaptic plas-
ticity and experience-dependent plasticity in the barrel cortex
(Glazewski et al., 2000; Hardingham et al., 2003). CaMKII-T286A point mutants have normal calcium/calmodulin depen-
dent CaMKII activity but lack the ability for CaMKII to autophos-
phorylate. CaMKII-T286A mice do not express experience-
dependent potentiation but have normal experience-dependent
depression (Hardingham et al., 2003). This suggests that de-
pressed synaptic responses have no means of being restored
back to normal levels in CaMKII-T286A mice and would remain
permanently depressed unless a CaMKII autophosphorylation
independent potentiation mechanism exists to reverse the pro-
cess (i.e., de-depression). Recent studies in visual cortex have
shown that plasticity mechanisms which potentiate responses
from a depressed state might differ from those involved in de
novo potentiation (Kaneko et al., 2008). The possibility that at
least two distinct forms of potentiation might exist is important
in understanding the full complement of cortical plasticity mech-
anisms and also in clinical cases where plasticity may promote
the recovery of function following loss of connections. As has
been shown in the hippocampus, neocortical de-depression
might not necessarily be the molecular reversal of depression
(Lee et al., 2000; Montgomery and Madison, 2002).
To investigate this question we looked at plasticity in the layer
IV to II/III pathway in the barrel cortex. This pathway shows de-
pression in vivo (Glazewski and Fox, 1996) and in vitro (Allen
et al., 2003). Synaptic plasticity mechanisms in vitro appear to
underlie the experience-dependent plasticity in vivo as LTD
can be occluded by prior deprivation of the principal whisker
(Allen et al., 2003), amanipulation that is also known to cause de-
pression of sensory responses (Glazewski and Fox, 1996). In this
study, we find that whisker deprivation produces a depressed
synaptic state that can be reversed (i.e., de-depressed) by
PKA or CaMKII. This de-depression is distinct from potentiation
from a basal or naive condition in that it does not necessarily
require CaMKII autophosphorylation. Furthermore, the PKA-
dependent process appears to require the GluR1 subunit of the
AMPA channel and constitutively active PKA appears tomaintain
the basal transmission state in the undeprived barrel cortex.
RESULTS
Recovery from Experience-Dependent Depression Does
Not Require CaMKII Autophosphorylation
We induced principal whisker depression in the barrel cortex of
wild-type and CaMKII-T286A mice by depriving animals of their
whiskers in a chessboard pattern (Figure 1A). This method hasNeuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc. 861
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Figure 1. Recovery from Depression Does
Not Require CaMKII Autophosphorylation
(A) The chessboard pattern of whisker deprivation
creates a mosaic of spared and deprived barrels.
Each barrel deprived of its principal whisker (dark
gray) is surrounded by barrels with their principal
whisker input spared (light gray) and vice versa.
(B) The distribution of all penetrations in control
animals and just deprived barrel penetrations in
deprived and recovering animals is superimposed
on a generic barrel for CaMKII-T286A point mu-
tants (T286A, top row) and wild-types (WT, bot-
tom row). The strength of the principal whisker re-
sponse is indicated by the color of the circle (white
R50 spikes per stimulus, black <50 spikes per
stimulus) and is only included if an average could
be made of at least three cells’ responses in layer
II/III. Note that the responses are depressed in the
deprived barrels after 7 and 14 days but recover to
spared barrel levels by 21 days (i.e., after 7 days
deprivation and 14 days of regrowth) in both CaM-
KII-T286A point mutants and wild-types (WT, bot-
tom row).
(C) CaMKII-T286A point mutants: the time course
of principal whisker depression and de-depres-
sion is shown for chessboard deprived (CB, layer
IV = black square, dashed line; layer II/III = black
diamond, solid line) and completely deprived
mice (ALL, layer IV =white circle, layer II/III = white
triangle).
(D) Wild-types: depression and recovery follow
a similar time course in wild-types as in CaMKII-
T286A point mutants except that layer IV shows
no depression at 7 days (symbols the same as
for [C]). Note that in (C) and (D) each time point
represents recordings from a different cohort of
animals.
(E and F) Surround receptive field responses are
plotted to illustrate the time course of plasticity
following deprivation. (E) In CaMKII-T286A mice,
whisker deprivation does not produce any potentiation of the S1 (strongest surround) spared whisker responses in the deprived layer II/III barrel-column, but
(F) in wild-types, potentiation can be seen from 7 days to 21 days after the onset of deprivation.
Error bars represent standard errors.previously been shown to cause depression of principal whis-
ker responses in rats (Wallace and Fox, 1999). A two-way
ANOVA showed an effect of deprivation (F(3,3) = 23.1, p <
0.0001; total df = 59) but not of genotype (F(1,1) = 0.29, p =
0.59) on the responses of layer II/III cells to stimulation of the
regrown principle whisker (Figures 1B, 1C, and 1D). If the whis-
kers were deprived for 7 days and then allowed to regrow for
7 days, layer II/III principal whisker responses were significantly
depressed in the deprived barrel columns (t(34) = 24.3, p <
0.0001; 14 day time-point in Figures 1C, and 1D). The depres-
sion was greater if the whiskers were deprived just once and
allowed to regrow for 7 days (7 day time point in Figures 1C
and 1D); responses were significantly smaller than in both the
undeprived (t(21) = 11.3, p < 0.0001) and 14 day time point con-
ditions (t(26) = 3.8, p < 0.001).
Given that CaMKII-T286A mice do not show experience-
dependent potentiation or LTP in layer II/III (Hardingham et al.,
2003) we tested to see whether the deprived whisker responses
were permanently depressed or could recover completely by al-862 Neuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc.lowing the whiskers to regrow for a longer period (Figure 1). We
found that after 14 days of whisker regrowth (21 day time point;
Figures 1C and 1D), principal whisker responses were no longer
depressed relative to control values, (t(32) = 0.02, p = 0.98), once
again independent of genotype (t(32) = 0.18, p = 0.85). This
shows that de-depression from a depressed state does not re-
quire CaMKII autophosphorylation in vivo, which contrasts with
the requirement for CaMKII autophosphorylation for potentiation
from baseline conditions in vivo (Figure 1E). In layer II/III of wild-
types, potentiation of the surround whisker response (mean ±
SEM = 76.3% ± 38.8% above baseline) was present as early
as 7 days following the onset of deprivation (t(11) = 2.4, p <
0.05) and was still present 14 days beyond the end of the depri-
vation period, a feature we had not previously observed (in-
crease of 94.3% ± 22.8% above control levels to 51.0 ± 6.0
spikes/50 stimuli; t(15) = 3.7, p < 0.003; Figure 1F). Therefore, po-
tentiation of the spared whisker response outlasted depression
of the principal whisker response in the recovery period (com-
pare Figures 1D and 1F).
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A B Figure 2. Layer II/III Responses Are Related
to Layer IV Responses within Subjects in
Undeprived but Not Deprived Cases
Each point represents data averaged from all pen-
etrations within a single animal. The layer II/III and
layer IV principle whisker responses are plotted
against one another for wild-type (black dia-
monds) and CaMKII-T286A point mutants (white
diamonds).
(A) Note that while there is a correlation between
layer II/III and layer IV responses in undeprived an-
imals (R = 0.56, p < 0.01) that (B), the relationship
breaks down for deprived barrel columns in
chessboard-deprived animals (R = 0.09, p =
0.23). NB: the regression lines are for the com-
bined wild-type and CaMKII-T286A data.De-depression Involves Vertical Pathways between
Layer IV and Layer II/III
Chessboard deprivation produces synaptic depression that can
be seen in both layer II/III and IV (Figure 1). However, we found
that both the time-course andmagnitude of depression were dif-
ferent between the two layers. A three-way ANOVA (total df =
119) revealed an effect of deprivation (F(3,3) = 12.5, p < 0.001)
and layer (F(1,1) = 9.7, p < 0.003) but not genotype (F(1,1) =
0.02, p = 0.88) on principal whisker response. There was also
an interaction between layer and deprivation (F(3,3) = 4.6, p <
0.005). The interaction term arose because after 7 days depriva-
tion, responses were more depressed in layer II/III than IV, both
for wild-types (t(7) = 9.7, p < 0.0001) and CaMKII-T286A mice
(t(5) = 3.5, p < 0.03). A similar result was found in mice deprived
of all of their whiskers (unilaterally) for 7 days (white symbols, Fig-
ures 1C and 1D). Again, wild-type mice showed very little de-
pression in layer IV at this time point, while depression was sim-
ilar in layer II/III of chessboard deprived and all whisker deprived
mice (depression to 25.6% ± 5.9% of control levels in chess-
board deprived versus 45.8% ± 7.5% in completely (unilaterally)
deprived mice; t(8) = 2.03, p = 0.08). In CaMKII-T286A mice,
complete deprivation produced comparable levels of depression
in layer II/III and IV to that produced by chessboard deprivation
(Figure 1C). Depression in layer II/III of all whisker deprived
micewas not significantly different from that produced by chess-
board deprivation (depression to 24.4% ± 9.4% of control levels
in chessboard deprived versus 34.8% ± 9.0% in all whisker de-
prived mice; t(6) = 0.78, p = 0.42) (Figure 1C). As a major source
of excitation in layer II/III normally arises from layer IV following
whisker stimulation, the significantly greater depression seen in
layer II/III when compared to layer IV indicates that a substantial
amount of depression must occur in the pathway between IV
and II/III.
After 7 days deprivation followed by 7 days regrowth, depres-
sion was at similar levels in layer II/III and IV. However, even at
this time point the depression in layer II/III could not be entirely
explained by depression in layer IV. We analyzed the average re-
sponses of layer II/III and IV cells recorded in the same animals
for both the deprived and undeprived groups. For each individual
animal, we plotted the average response recorded in layer IV and
layer II/III (Figure 2). As can be seen from Figure 2, the distribution
of responses was similar for wild-types (black diamonds) andCaMKII-T286A point mutants (white diamonds) as indicated by
the statistical tests showing no effect of genotype on depression
(see previous section). Therefore, we grouped wild-type and
CaMKII-T286A data together for linear regression analysis. A re-
gression line fitted through the undeprived data showed a posi-
tive correlation between layer II/III and layer IV responses (R =
0.56, p < 0.01) indicating that layer II/III response levels were cor-
related with layer IV response levels (Figure 2A). This is to be
expected because layer IV provides a large component of the
sensory input to layer II/III. However, after deprivation, the corre-
lation between layer II/III and IV responses disappeared. As can
be seen from the graph (Figure 2B), the lack of correlation comes
from the fact that while layer II/III cells had undergone depres-
sion, layer IV cell responses had depressed in some cases but
not in others. This implies that layer II/III depression is not
strongly dependent on depression in layer IV, a fact that is
reflected in the very low correlation coefficients between re-
sponses in layer IV and II/III for the deprived animals (R = 0.17
and 0.26 for CaMKII-T286A and wild-type animals, respectively,
and 0.09 for the combined data shown in Figure 2B). These re-
sults were further corroborated by t tests showing that layer IV
responses had a significant effect on layer II/III responses in un-
deprived animals (t(34) = 3.96, p < 0.001) but not in deprived an-
imals (t(18) = 1.32, p = 0.20). In conclusion, layer II/III depression
and de-depression cannot be explained simply by passive trans-
mission of depression and de-depression in layer IV. To account
for the results, some additional depression and de-depression
must occur in the vertical pathway between layer IV and II/III to
account for the results.
LTP of Both Within-Column and Between-Column
Pathways Require CaMKII
Another explanation for the differential CaMKII dependence of
recovery from depression and de novo potentiation could be
that different inputs to layer II/III involve different synaptic plas-
ticity mechanisms. Although in both cases the postsynaptic cells
are located in deprived barrels, depression and recovery of the
principal whisker response occurs in vertical pathways within
barrel-columns while potentiation of the surround whisker re-
sponse occurs in diagonal pathways from a neighboring spared
barrel. Crossbarrel potentiation has been shown to depend
on CaMKII autophosphorylation (Hardingham et al., 2003), andNeuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc. 863
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Potentiation on CaMKII Autophosphoryla-
tion in Vertical Pathways within the Barrel
(A) Vertical pathways show potentiation in wild-
types (black circles, n = 20) but not in CaMKII-
T286A point mutants (white circles, n = 10). A for-
ward pairing protocol (F) was used to induce LTP
in the vertical pathway between layer IV and layer
II/III in the same barrel column. The pairing proto-
col consists of pairing a postsynaptic spike to oc-
cur 10 ms after the presynaptic spike (see Exper-
imental Procedures and Figure 4A for details).
Insets show example traces of EPSPs for CaM-
KII-T286A mice (T286A, top row) and wild-types
(WT, bottom row) both before pairing (black) and
60 min after pairing (red) (traces are superim-
posed on the right for comparison).
(B) The electrode configuration used in (A) is
shown for stimulation of vertical pathways.
Error bars represent standard errors.therefore, to test for differences in synaptic plasticity mecha-
nisms between the two pathways, we studied depression and
potentiation in vertical pathways between layers IV and II/III of
wild-type and CaMKII-T286A point mutant mice (Figure 3). We
found that potentiation in this pathway was again absent in CaM-
KII-T286A point mutants (Figure 3A) but was present in wild-type
littermates (0.3% ± 2.2% in CaMKII-T286A mutants and
18.5% ± 4.1% in wild-types at 60 min postpairing t(26) =
35.08, p < 0.01). Conversely, LTD occurred in both genotypes
(see below). De novo potentiation in vertical pathways (intrabar-
rel pathways [Figure 3B]) therefore relies on CaMKII autophos-
phorylation as it does in diagonal pathways between the barrels
(interbarrel pathways) (Hardingham et al., 2003).
Sensory Deprivation Affects Levels of LTP
and LTD In Vitro
The results so far indicate that the source of the differential de-
pendence of recovery and de novo potentiation on CaMKII auto-
phosphorylation does not lie in the anatomical pathways in-
volved but in a synaptic alteration induced by whisker
deprivation. They also indicate that depression is evident in layer
II/III but minimal in layer IV after 7 days deprivation (Figure 1). To
understand the synaptic basis of this process we compared po-
tentiation and depression processes in vertical pathways from
layer IV to layer II/III in animals deprived of their whiskers for
7 days. For the in vitro studies, we deprived all the whiskers
rather than using a chessboard pattern to simplify identification
of deprived barrels.
Following whisker deprivation we found that LTD was oc-
cluded whereas LTP was significantly enhanced (Figure 4). The
average potentiation in response following a forward spike tim-
ing protocol (Figure 4A) was almost four times as great in de-
prived animals (61% ± 15%; Figure 4C) compared to undeprived
animals (18% ± 12%; Figure 4C) and the effect of deprivation on
the magnitude of LTP was therefore highly significant (F(1,1) =
5.87; p < 0.025; total df = 39, measured at 50–60 min postpair-
ing). Even if the whiskers were allowed to regrow for 7 days fol-
lowing 7 days deprivation, the level of LTP induced was still
elevated (47% ± 12%) compared to the undeprived condition864 Neuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc.(F(1,1) = 5.09, p < 0.03, total df = 39; data not shown). Con-
versely, the decrease in EPSP amplitude caused by a reverse
spike-timing, or LTD protocol (Figure 4B) was abolished in de-
prived animals (to 108% ± 16% of control levels) in contrast to
the reduction to 47% ± 7% of control levels seen in undeprived
animals (Figure 4D). Therefore, deprivation had a profoundly sig-
nificant effect on themagnitude of depression (F(1,1) = 15.73, p <
0.001; measured at 50–60 min postpairing, total df = 21). Analy-
sis of individual cases showed that the probability of inducing
statistically significant LTD (t test, a = 0.05, measured at 50–
60 min post-spike-pairing) decreased from control values of
71% to 30% following deprivation (Figure 4H), which was signif-
icant (c2 = 7.5, p < 0.01, n = 44). The probability of inducing sta-
tistically significant LTP (using the same criterion) increased from
35% to 70% as a result of deprivation and this was also signifi-
cant (c2 = 4.54, p < 0.05, n = 37; see Figure 4H).
The Extra Potentiation Produced by Sensory Deprivation
Does Not Require CaMKII Autophosphorylation
We tested whether the extra potentiation produced by depriva-
tion depended on CaMKII autophosphorylation by depriving
CaMKII-T286A point mutant mice. The experiments were per-
formed in vertical pathways between layer IV and II/III in keep-
ing with the studies described above (Figure 3B). Potentiation
was absent in the undeprived CaMKII-T286A mice (0.3% ±
2.2% at 50–60 min postpairing) as reported before for the di-
agonal pathways between barrels (Hardingham et al., 2003),
but present in the deprived animals (24.6% ± 6.5%;
Figure 4E). The difference in mean values between deprived
and undeprived CaMKII-T286A mice was statistically signifi-
cant (t(20) = 3.4, p < 0.003). Consistent with wild-types, LTD
was present at normal levels in undeprived CaMKII-T286A
point mutants (Figure 4F) but abolished by whisker deprivation
(F(1,1) = 37.5, p < 0.001; total df = 20 measured at 50–60 min
postpairing).
To check whether the LTP revealed by deprivation was also
present in wild-type mice and was not an anomaly of the CaM-
KII-T286A point mutant, we studied the effect of AIP (a CaMKII
antagonist that binds to the catalytic domain [Ishida et al.,
Neuron
Parallel Plasticity Mechanisms in Barrel Cortex1998]) on the enhanced potentiation seen in whisker deprived
wild-type animals (Figure 4G). We found that spike pairing po-
tentiated EPSPs by 28.3% ± 9.0% in the presence of AIP in
deprived wild-types. A two-way ANOVA showed that both
AIP (F(1,1) = 4.0, p < 0.05) and deprivation had an effect on
LTP (F(1,1) = 7.8, p < 0.01) and post hoc t tests showed that
while AIP blocked LTP in undeprived wild-types (t(19) = 0.34,
p = 0.73) it did not block LTP in the deprived wild-types
(t(27) = 2.1, p < 0.05). Furthermore, the level of LTP in whisker
deprived wild-types treated with AIP was not different from
that seen in deprived CaMKII-T286A mice (t(32) = 0.52, p =
0.61) (compare Figures 4E and 4G; all comparisons are for
50–60 min postpairing).
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Figure 4. The Effect of Whisker Deprivation
on Spike Timing-Dependent Plasticity
(A) LTP was induced by pairing a presynaptic stim-
ulus with somatic current injection timed to produce
a postsynaptic spike approximately 10 ms after the
presynaptic stimulus (forward pairing, F).
(B) Similarly, LTD was produced by ensuring the
postsynaptic spike occurred approximately 50 ms
before the presynaptic spike (reverse pairing, R).
(C) In wild-types, the mean increase in EPSP ampli-
tude was significant both in deprived (n = 20) and
undeprived (n = 20) animals, whereas (D) significant
LTD was only found in undeprived (n = 24) animals
but not in deprived (n = 12) animals (see Results).
(E) In CaMKII-T286A point mutants, LTP is not
present in undeprived animals (n = 10) but is pres-
ent in whisker-deprived cases (n = 11).
(F) Similar to wild-types, LTD in CaMKII-T286A
mice is occluded by whisker deprivation (n = 10)
while normal in undeprived cases (n = 12).
(G) Postsynaptic blockade of CaMKII by AIP pre-
vents LTP in undeprived wild-type layer II/III cells
(n = 10) but not in cells recorded from whisker de-
prived animals (n = 14).
(H) In wild-types, the proportion of cases showing
statistically significant LTP or LTD (t test at 50–60
min, a = 0.05) with whisker deprivation (top row).
In CaMKII-T286A mice, a similar change occurs ex-
cept that no LTP is seen (bottom row left) without
prior whisker deprivation (bottom row right).
Error bars represent standard errors.
The Extra Potentiation Produced by
Sensory Deprivation Requires PKA
Since the extra potentiation did not de-
pend on CaMKII, we hypothesized that
a different kinase might be involved. Re-
cent studies have implicated PKA in ocu-
lar dominance plasticity in visual cortex
(Beaver et al., 2001), and we therefore in-
vestigated whether PKA was involved in
barrel cortex plasticity by including
a PKA antagonist (Rp-cAMP-S or PKI) in
the electrode filling solution (Figure 5). A
three-way ANOVA (total df = 103) showed
an effect of deprivation (F(1,1) = 8.0,
p < 0.01), genotype (F(1,1) = 8.3, p < 0.005), and PKA antagonist
(F(1,1) = 4.1, p < 0.05) on potentiation at 50–60 min postpairing.
Post hoc t tests showed that the PKA antagonist did not affect
potentiation in undeprived wild-type mice (18.1% ± 5.8% in un-
treated compared to 12.2% ± 7.6% in Rp-cAMP-S treated
cases, t(28) = 0.69, p = 0.49; Figure 5A). CaMKII-T286A pointmu-
tants did not show LTP either with (0.3% ± 2.1%) or without
Rp-cAMP-S (0.3% ± 2.2%; t(18) = 0.03, p = 0.98, Figure 5B).
However, in deprived CaMKII-T286A point mutants, Rp-cAMP-S
decreased potentiation from 24.6% ± 6.5% to 0.4% ± 2.1%,
which was significantly different (t(19) = 3.49, p < 0.0025;
Figure 5D). In deprived wild-type mice, the apparent difference
in mean values of potentiation between control andNeuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc. 865
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Parallel Plasticity Mechanisms in Barrel CortexRp-cAMP-S-treated cases (65.2% ± 14.4% versus 31.6% ±
14.8% respectively), was not in fact statistically significant
(t(32) = 1.38, p = 0.18, Figure 5C). All these comparisons were
made for the last 10min of the recording (50–60min postpairing).
The results suggest that the potentiation seen in deprived CaM-
KII-T286A point mutants depends on PKA.
To check the PKA-dependence of plasticity in deprived cortex,
we repeated the experiments using a different type of PKA antag-
onist, the cell impermeant antagonist PKI. PKI binds to the cata-
lytic subunits of PKA unlike Rp-cAMP-S, which affects cAMP
binding to the regulatory subunits ofPKA.Againwe found that an-
tagonism of PKA abolished the potentiation seen in deprived
CaMKII-T286A point mutants (untreated control mean ± SEM =
36.4% ± 13.8%, PKI treated cases = 0.9% ± 1.9%, t(19) =
2.67, p< 0.02; Figure 5F) andonce again only appeared to reduce
the potentiation in deprived wild-types, because the effect was
not statistically significant (potentiation was 52.6% ± 14.1% in
untreated cases and 26.5% ± 10.1% in PKI-treated cases,
t(19) = 1.5, p = 0.15; Figure 5E). Taken together with the experi-
ments using Rp-cAMP-S, the PKI experiments confirm that
C
Time (minutes)
N
o
r
m
a
l
i
z
e
d
 
P
e
a
k
 
E
P
S
P
D
Time (minutes)
-15 5 25 45
0
50
100
150
200
N
o
r
m
a
l
i
z
e
d
 
P
e
a
k
 
E
P
S
P
F
Rp-cAMPS T286A
Control T286A
Deprived
B
-15 5 25 45
0
50
100
150
200
N
o
r
m
a
l
i
z
e
d
 
P
e
a
k
 
E
P
S
P
Time (minutes)
F
Rp-cAMPS T286A
Control T286A
Undeprived
-15 5 25 45
0
50
100
150
200
Rp-cAMPS WT
Control WTFN
o
r
m
a
l
i
z
e
d
 
P
e
a
k
 
E
P
S
P
Time (minutes)
A
Undeprived
-15 5 25 45
0
50
100
150
200
F
PKI T286A
Control T286A
F
Time (minutes)
N
o
r
m
a
l
i
z
e
d
 
P
e
a
k
 
E
P
S
P
Deprived
-15 5 25 45
0
50
100
150
200
F
PKI WT
Control WT
E
Time (minutes)
Deprived
N
o
r
m
a
l
i
z
e
d
 
P
e
a
k
 
E
P
S
P
Deprived
0
50
100
150
200
-15 5 25 45
Rp-cAMPS WT
Control WT
F
Figure 5. Molecular Characterization of the
Synaptic Effect of Whisker Deprivation
(A) In undeprived wild-types (WT), the PKA antag-
onist Rp-cAMP-S (50 mM) does not affect LTP
(white circles, n = 10) induced by forward pairing,
F, compared with untreated cells (black circles,
n = 20).
(B) In CaMKII-T286A mice (T286A), undeprived
animals show no potentiation with (white circles,
n = 10) or without Rp-cAMP-S (black circles,
n = 10).
(C) The effect of Rp-cAMP-S (50 mM,white circles,
n = 10) on deprived wild-types (black circles un-
treated, n = 24).
(D) The potentiation revealed by whisker depriva-
tion in CaMKII-T286A point mutants (black circles,
n = 11) is completely abolished by Rp-cAMP-S
(white circles, n = 10).
(E) The effect of PKI (white circles, 10 mM, n = 10)
on the level of LTP in deprived wild-type mice
(black circles, n = 10).
(F) PKI abolishes LTP in deprived CaMKII-T286A
point mutants (white circles, n = 10) compared
with untreated cases (black circles, n = 11).
Error bars represent standard errors.
PKA is the factor involved in the potentia-
tion unmasked by whisker deprivation in
the CaMKII-T286A point mutants.
PKA and CaMKII Provide Parallel
Mechanisms for Potentiation in
Deprived Cortex
As PKA antagonism did not have a signif-
icant effect on LTP in deprived wild-
types, we hypothesized that CaMKII
might provide a parallel pathway for po-
tentiation alongside PKA. To test this
idea, we included both a CaMKII and
a PKA inhibitor in the electrode used to record from deprived
wild-type animals and found that the potentiation was indeed
abolished (101% ± 10% at 60 min; Figure 6A). While Rp-
cAMP-S (t(32) = 1.38, p = 0.18) or AIP (t(36) = 1.74, p = 0.09)
did not block LTP individually, the combination of the two com-
pounds did block LTP (t(18) = 2.26, p < 0.05; Figure 6B). Conse-
quently, the levels of LTP measured at 50–60 min postpairing
were significantly different between untreated and AIP plus
Rp-cAMP-S treated cases (t(32) = 2.85, p < 0.01). These data
suggest that in wild-types, deprivation produces an extra PKA-
dependent pathway for potentiation that can operate in parallel
to theCaMKII-dependent pathway.Whereas only CaMKII is nec-
essary for potentiation in undeprived animals, CaMKII or PKA
can mediate potentiation in whisker deprived wild-type animals.
A PKA Activator (Sp-cAMP-S) Only Produces
Potentiation in Sensory-Deprived Cortex
The observation that a PKA-dependent potentiation mechanism
exists in cortex raises the question of whether potentiation can
be induced by PKA activity per se. In order to test this we infused866 Neuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc.
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type mice that either had undergone 7 days of whisker depriva-
tion or had all their whiskers intact throughout. The recordings
were again made in whole-cell mode but using higher imped-
ance electrodes than normal (100 MU) in order to slow the diffu-
sion of Sp-cAMP-S into the cell and allow a period of baseline to
be recorded before the drug reached the synapses at an effec-
tive concentration (Kameyama et al., 1998). We found that Sp-
cAMP-S had no effect on EPSPs recorded in undeprived mice.
However, in whisker deprived animals, EPSPs increased in
both wild-types and CaMKII-T286A point mutants by 25.5% ±
7.9% and 24.4 ± 10.0% respectively (Figures 7A–7D). The in-
crease in peak EPSP amplitude was apparent after approxi-
mately 30min of recording and deprived and undeprived animals
were significantly different from 40 min onward (t test, a = 0.05).
A three-way ANOVA (total df = 239) showed that there was an
effect of time (F(5,5) = p < 0.002) and deprivation on change in
EPSP amplitude after 1 hr (F(1,1) = 37.5, p < 0.0001) but no effect
of genotype (F(1,1) = 0.0045, p = 0.94). Post hoc t tests showed
that Sp-cAMP-S only increased EPSPs in deprived animals (t(38)
= 3.88, p < 0.0005). These results therefore suggest that PKA ac-
tivation is sufficient to cause potentiation (or de-depression) of
cortical responses in whisker deprived barrel cortex but that it
has no effect in undeprived animals.
GluR1 Is Required for a PKA Activator to Produce
Potentiation following Sensory Deprivation
Since PKA activation only causes potentiation in whisker-de-
prived animals, whisker deprivation may cause dephosphoryla-
tion at a PKA site that can subsequently be reversed by
Sp-cAMP-S. It is known that monocular deprivation in the visual
cortex (an analogous process to whisker deprivation in the barrel
cortex) leads to dephosphorylation of the serine 845 site on the
GluR1 subunit of the AMPA receptor (Heynen et al., 2003). It
has also been shown that this substrate is important for LTD in
the visual cortex (Seol et al., 2007). We therefore looked to see
whether GluR1 might be the substrate for PKA in the barrel cor-
tex of whisker deprived mice by repeating the intracellular PKA
activator (Sp-cAMP-S) infusion in deprived and undeprived
GluR1 knockout mice (Zamanillo et al., 1999).
We found that activation of PKA had no effect in the deprived
or undeprived GluR1 knockout mice (Figures 7E and 7F). A two-
way ANOVA (total df = 39) comparing the GluR1 knockouts with
the wild-types revealed that there was an effect of genotype
(F1,1) = 4.6, p < 0.05), deprivation (F(1,1) = 5.3, p < 0.03) and
an interaction between the two (F(1,1) = 5.6, p < 0.025). Post
hoc tests showed that Sp-cAMP-S potentiated responses in
deprived wild-types but not in deprived GluR1 knockouts
(t(18) = 2.6, p < 0.02). This observation therefore suggests that
GluR1 is necessary for the potentiating effect of PKA in deprived
animals and supports the notion that PKA causes de-depression
by phosphorylating the GluR1 receptor.
Tonic PKA Activity Is Required to Prevent Depression
in Undeprived Cortex
The balance of kinase and phosphatase activity governs the
phosphorylation state of GluR1. In order to test whether a con-
stant level of PKA activity is necessary to maintain the amplitude
of EPSPs in the layer IV to II/III pathwaywe recorded from layer II/
III pyramidal cells while infusing the PKA antagonist Rp-cAMP-S
through a high impedance electrode (as with the Sp-cAMP-S ex-
periments described in the previous section). We found that in
undeprived animals, Rp-cAMP-S produced a gradual decrease
in EPSP amplitude to 66% ± 5% of control levels after 80 min
(Figures 7G and 7H) indicating that continual PKA activity is re-
quired to maintain EPSP amplitude under normal conditions. In
contrast, Rp-cAMP-S had little effect in deprived wild-type cor-
tex and, after 80 min, EPSPs were 95% ± 6% that of control
levels and were not significantly different from any other time
point (t test, a = 0.05). A comparison of pairs of time points
showed that EPSPs in deprived and undeprived animals were
significantly different from approximately 30 min onward (t test,
a = 0.05, Q = 1.98). A two-way ANOVA comparing deprived
and undeprived cases (total df = 119) showed a substantial effect
of deprivation on the effect of Rp-cAMP-S (F(1,1) = 31.1, p <
0.0001). These results reveal two aspects of PKA’s action; first,
that continuous PKA activity is required to maintain EPSP
responses in the undeprived state and second, that deprivation
removes this requirement. Deprivation could either act by de-
phosphorylating the substrate that PKA acts on or by changing
the equilibrium point between PKA and phosphatase activity.
Continual PKA Activity Prevents Spike
Timing-Dependent Depression
The previous studies suggest that a PKA-dependent process
can reverse depression. To test this idea further, we maintained
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Parallel Plasticity Mechanisms in Barrel CortexPKA activity by infusing the cell with Sp-cAMP-S contained
within the lower resistance-recording electrode (15–20 MU), to
see whether it outcompeted the dephosphorylation event hy-
pothesized to be associated with depression. We found that
whereas reverse pairing led to depression in 80% of control
cases (Figure 1F), this value fell to 25% in Sp-cAMP-S treated
cells (Figure 8A; t test at 50–60 min postpairing, a = 0.05). No
overall depression was observed in Sp-cAMP-S-treated cases
(102% ± 10%), and the response at 50–60 min was not different
from baseline (t(19) = 0.15, p = 0.87).
Given that Rp-cAMP-S depressed EPSP amplitude in unde-
prived animals we tested to see whether reducing PKA activity
via Rp-cAMP-S subsequently occludes LTD. We found that in-
tracellular administration of Rp-cAMP-S with a low resistance
electrode reduced the probability of inducing LTD from 80% to
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Figure 7. Postsynaptic Sensitivity to PKA Is
Modulated by Whisker Deprivation
For each panel, cells recorded from deprived bar-
rel cortex are represented by white circles (de-
prived) and those from undeprived animals by
black circles (control).
(A) Inclusion of Sp-cAMP-S (50 mm) in the elec-
trode solution leads to potentiation of EPSPs in
layer II/III cells (stimulating layer IV), but only in
whisker-deprived animals and not undeprived
cases. Insets show example EPSPs recorded at
the start (black) and end of recording (red) for un-
deprived cases.
(B) The samedata shown in a is plotted for 13.3min
epochs for greater clarity. Note that theEPSPsonly
increase significantly after 45 min. Insets show ex-
ample EPSPs recorded at the start (black) and end
(red) of the recording from a deprived case.
(C and D) Sp-cAMP-S acts similarly to wild-types
in CaMKII-T286A point mutant mice. EPSPs are
potentiated in deprived (n = 10) but not unde-
prived animals (n = 10).
(E and F) The effect of Sp-cAMP-S is absent in ei-
ther deprived (n = 10) or undeprived (n = 10)
GluR1 knockout mice.
(G and H) Inclusion of Rp-cAMP-S (50 mM) in the re-
cordingelectrode leads toagradual reduction in layer
II/III EPSPs in recordings fromundeprived (n=10)but
not deprived animals (n = 10), opposite to the condi-
tions under which Sp-cAMP-S acts (A–D).
Error bars represent standard errors.
25% in wild-type mice. EPSP amplitudes
were 97% ± 5% of control values at
60 min after spike pairing (Figure 8B)
and not significantly different from base-
line (t(18) = 0.45, p = 0.69). Together with
the Sp-cAMP-S data this strongly sug-
gests that a PKA substrate is involved
in LTD in cortical layer II/III cells.
Cannabinoids Are Not Involved
in LTD at 4–6 Weeks
Recent studies have implicated cannabi-
noids in cortical LTD (Bender et al., 2006;
Crozier et al., 2007; Sjostrom et al., 2004) including a role for PKA
in cannabinoid-dependent depression (Chevaleyre et al., 2007).
We therefore looked to see whether cannabinoids might be in-
volved in the LTD we have studied. The cannabinoid (CB1) an-
tagonist AM251 was administered extracellularly. We found
that AM251 did not prevent spike pairing LTD in wild-type unde-
privedmice (Figure 8D) and that the level of depression at 60 min
was not different from that in control animals (t(32) = 1.79,
p = 0.08).
To confirm that AM251 was effective at blocking cannabinoid
receptors in the slice, we studied its ability to antagonize WIN-
55,212, a CB1 agonist (Georgieva et al., 2008). We found that
WIN-55,212 decreased the EPSP amplitude to 68% ± 4% of
control values (see Figure S1 available online). The effect of
WIN-55,212 was antagonized in the same cells by administration868 Neuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc.
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Parallel Plasticity Mechanisms in Barrel Cortexof AM251 (in the continued presence of WIN-55,212). Conse-
quently, the effect of WIN-55,212 was significantly different
from baseline (t(4) = 2.84, p < 0.025, paired t test) but coadmin-
istration of WIN-55,212 and AM251 in the same cells more than
recovered the responses, in fact to 22% ± 8% above control
levels, which was significantly greater than baseline (t(4) = 3.26,
p < 0.02, paired t test; Figure S1D). These data suggest that
the cannabinoid dependent form of LTD is not present in mouse
barrel cortex at 4–6 weeks and that the PKA-dependent aspect
of LTD does not act via cannabinoids.
Layer II/III NMDA Receptor Properties Do Not Change
with Whisker Deprivation
The results thus far suggest that whisker deprivation increases
potentiation by altering PKA-dependent plasticity mediated by
the GluR1 subunit of the AMPA channel. However, recent results
have suggested that NMDA receptor properties also change af-
ter sensory deprivation (Philpot et al., 2001). Changes in NMDA
receptor properties are unlikely to account for the changes re-
vealed in the Sp-cAMP-S experiments described above (Fig-
ure 7), because (1) NMDA receptors are not strongly activated
by this low-frequency stimulation (0.14Hz) and (2) application
of the PKA drug occurs intracellularly and relies on the presence
of GluR1 subunits. Nevertheless, it is possible that an additional
change in NMDA receptors could occur with deprivation and
synergistically increase potentiation in deprived animals. We
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therefore looked at the decay time con-
stants of NMDA receptor currents in
whisker-deprived animals and compared
them with age-matched undeprived ani-
mals (4–6 weeks). Pilot studies showed
that the decay time course of the
NMDA currents varied with the frequency
of stimulation in barrel cortex as has
been described previously in the hippo-
campus (Lozovaya et al., 2004). We therefore compared de-
prived and spared responses at four different stimulation fre-
quencies, between 0.2 and 40Hz (Figure S2). An ANOVA
showed that there was effect of frequency (F(3,3) = 4.4, p <
0.01) on the decay time constant but not an effect of deprivation
(F(1,1) = 0.02, p = 0.87). A single exponential dominated the time
constant of decay at low frequencies (undeprived values of 123 ±
12 ms at 0.2 Hz and 101 ± 13 ms at 2 Hz) and deprived values
were very consistent with these (Figure S2C). However at higher
frequencies the time constants of decay were higher (173 ± 12 at
20 Hz and 172 ± 15 ms at 40 Hz), hence the rate of decay was
slower and deprived values at higher frequencies were again
consistent with undeprived (Figure S2C).
The amplitude of the response was also a confounding factor
in the measurement of the decay time constant. At higher fre-
quencies, responses tended to show temporal summation
(e.g., Figure S2A) so therefore the amplitude of the response
before the onset of decay was greater. A crosscorrelation be-
tween peak response amplitude and decay time constant for
data at all frequencies showed a strong relationship between
the two (R2 = 0.29, t(94) = 6.11, p < 0.001; see Figure S2D),
but once again there was no difference between deprived
and undeprived animals (F(1,1) = 1.11, p = 0.29, ANOVA total
df = 94). In conclusion, there appeared to be no difference in
NMDA receptor decay time constant between deprived and
undeprived animals.Neuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc. 869
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The Effect of Experience on Synaptic State
One important finding of this study is that sensory deprivation re-
veals a PKA-dependent mechanism of de-depression. Sensory
deprivation enables a process that looks like potentiation in
CaMKII-T286A mutants by unmasking PKA-dependent de-
depression. In deprived wild-types, the PKA-dependent plastic-
ity appears in addition to the normal CaMKII-dependent mecha-
nism, while in the deprived CaMKII-T286A mice, the PKA
mechanism is the only one available. This mechanism is relevant
to plasticity in vivo because it depends on prior sensory experi-
ence. This mechanism is relevant to wild-types because a PKA-
sensitive component of potentiation is present in deprived wild-
types when CaMKII dependent LTP is blocked by application
of AIP. We have also found that a likely site of action of PKA is
the GluR1 subunit of the AMPA channel as application of Sp-
cAMP-S was unable to potentiate responses in deprived GluR1
knockouts.
Mechanisms Underlying Increased Potentiation
In principle, there are three explanations for the increase in LTP
seen in whisker-deprived animals. First, more synapses could be
created during deprivation and the new synapses could be re-
sponsible for the extra potentiation; second, the threshold for in-
ducing LTP could be lowered at pre-existing synapses during
deprivation; or third, the number of synapses could stay con-
stant, but many of these could be depressed by deprivation
and therefore subsequently be capable of de-depression.
Taking each of these in turn, Trachtenberg et al. (2002) have
shown that whisker deprivation in a chessboard pattern leads
to the production of a number of new synapses or at least new
filopodia, even in mature animals. A number of studies have
shown that immature synapses potentiate via a PKA-dependent
mechanism in the hippocampus (Yasuda et al., 2003) and also at
the thalamocortical synapse (Lu et al., 2003). It is therefore pos-
sible that the PKA-dependent mechanism of potentiation occurs
at a subset of newly formed synapses generated during the dep-
rivation period.
The second idea, that the plasticity induction threshold for po-
tentiation at pre-existing synapses can alter, is described by the
BCM theory (Bienenstock et al., 1982). One possible mechanism
consistent with the theory is that alteration of the NMDA receptor
complement from NR2A containing receptors to NR2B contain-
ing receptors would favor LTP induction (Barria and Malinow,
2005). This is consistent with the finding that sensory deprivation
decreases NR2A subunit levels relative to NR2B (Philpot et al.,
2001). However, in this study we have found no evidence of
a change in the decay time constant of NMDA receptor currents
with whisker deprivation, arguing against this as a mechanism
operating in the present study. Another study in barrel cortex
also found no effect of whisker deprivation on NMDA receptor
properties (Clem et al., 2008). However this still leaves open
many other possible mechanisms by which the BCM theory
could operate.
Interestingly, the time constant of NMDA receptor EPSCs did
increase with higher frequency stimulation or with higher peak
current amplitude, suggesting that NR2B containing receptors
might lie peri- or extrasynaptically (Lozovaya et al., 2004). For
this reason, we measured NMDA receptor time constant values
in deprived and undeprived animals at a range of frequencies,
but still found no effect of deprivation on NMDA time constants
at any frequency of stimulation.
The third explanation is that deprivation causes synapses that
would normally be potentiated to depress, thereby revealing an
extra ability to undergo LTP (i.e., by desaturation). Several other
studies have found that it is difficult to obtain LTP in undeprived
barrel cortex without having first produced LTD (Froc and Ra-
cine, 2005; Urban et al., 2002). This implies that in undeprived
barrel cortex many of the synapses are saturated with respect
to LTP, having already undergone an LTP-like process. To pro-
duce subsequent potentiation from this condition requires that
some or many of the synapses be first depressed to a state
from which potentiation can occur. It is possible that such de-
pression occurs by dephosphorylation of the AMPA channel
subunit GluR1 at the S845 site. Phosphorylation at the S845
site has been shown to cause an increase in the peak open prob-
ability of the AMPA channel (Banke et al., 2000) as well as in-
creasing surface expression of GluR1 (Man et al., 2007) and
could therefore explain the additional LTP unmasked by whisker
deprivation. In support of this theory, studies in barrel cortex of
GluR1 knockout mice have shown that GluR1 is required for ex-
perience-dependent depression and LTD in layer II/III cortex
(Wright et al., 2008). In addition, studies in visual cortex have
shown that monocular deprivation decreases phosphorylation
of the S845 site, and it is plausible that whisker deprivation
causes the same effect in barrel cortex. The observation that
PKA must act postsynaptically to prevent de-depression in our
in vitro studies (Figure 7) is also consistent with this idea.
The Role of Cannabinoids
Studies which have found a presynaptic locus for LTD in the bar-
rel cortex have often implicated endocannabinoid signaling
(Bender et al., 2006; Crozier et al., 2007; Nevian and Sakmann,
2006). In our studies, the CB1 antagonist did not block LTD.
Other studies in visual cortex also found no effect of AM251 on
LTD (Seol et al., 2007). It is possible that a cannabinoid-depen-
dent presynaptic form of LTD is more evident in juveniles
(P13-20 [Bender et al., 2006] and P13-15 [Nevian and Sakmann,
2006]) than in the P28-40 mice studied here. This is consistent
with the finding that presynaptic NMDA receptors, which are re-
quired for cannabinoid dependent LTD, are developmentally
downregulated with no apparent functional effect beyond P23
(Corlew et al., 2007). Consequently, no cannabinoid-dependent
LTD was found in 3- to 4-week-old visual cortex (Seol et al.,
2007), nor in the 4- to 6-week-old animals studied here.
The lack of cannabinoid effect does not rule out the possibility
that whisker deprivation causes depression with a presynaptic
component. As a considerable component of LTP in barrel cor-
tex is presynaptic (Hardingham and Fox, 2006; Sjostrom et al.,
2007), presynaptic LTD might also be predicted to occur and
functionally balance it. We find some evidence for presynaptic
depression in barrel cortex as paired-pulse ratios in wild-type
mice increased with deprivation (Finnerty et al., 1999; Fig-
ure S3). Interestingly, paired-pulse ratios did not alter in
CaMKII-T286A point mutants, consistent with the fact that these870 Neuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc.
Neuron
Parallel Plasticity Mechanisms in Barrel Cortexanimals show no LTP and therefore no presynaptic potentiation
that could be reversed by presynaptic depression (Hardingham
et al., 2003).
Relationship to Visual Cortex Plasticity
Studies in visual cortex have shown that PKA plays an important
role in ocular-dominance plasticity. Knocking out the RII-beta
subunit of PKA abolishes LTD and almost all the ocular-domi-
nance plasticity in the visual cortex (Fischer et al., 2004). Knock-
ing out the RII-alpha or the RI-beta isoform of PKA (Hensch et al.,
1998; Rao et al., 2004) does not have the same effect as knock-
ing out RII-beta, possibly because of the associations of the RII-
beta isoform with the postsynaptic density protein Yotiao and
hence to NMDA receptors (Kurokawa et al., 2004). One means
by which PKA could affect ocular-dominance plasticity is by
causing phosphorylation of the S845 site on the GluR1 subunit
of AMPA channels and hence potentiating EPSPs. An absence
of phosphorylation at this site in the RII-beta knockouts would
therefore leave the synapse in a depressed transmission state in-
capable of transitions to lower levels. Our experiments showing
that application of Rp-cAMP-S leads to a gradual depression of
the synaptic response are consistent with this depressed trans-
mission state. A lack of phosphorylation at the Ser845 site would
occlude LTD and therefore the depression that forms a consider-
able component of ocular-dominance plasticity. These studies
are therefore consistent with the present findings that sensory
deprivation leads to a synaptic condition that occludes LTD
and requires PKA to reverse it, either by spike pairing or by intra-
cellular administration of Sp-cAMP-S.
Influence of Initial Synaptic Conditions on Plasticity
The phosphorylation state of the GluR1 subunits is clearly an im-
portant determinant for both potentiation and depression. In the
visual cortex, if both the 831 and the 845 site are phosphorylated,
then LTD will be the dominant mechanism of plasticity (Seol
et al., 2007). Given that LTD is also the dominant plasticity mech-
anism in undeprived barrel cortex, this could imply that the S831
and S845 sites are normally phosphorylated. This notion is sup-
ported by the experiments described in the present study using
Sp-cAMP-S, which activates PKA and should therefore phos-
phorylate the 845 site on the GluR1 subunit. Sp-cAMP-S did
not potentiate EPSPs in undeprived animals, implying that no
further phosphorylation of the S845 site is possible. However,
if whisker deprivation led to dephosphorylation of that site,
then it would be possible to potentiate EPSPs fromdeprived syn-
apses with Sp-cAMP-S, which is exactly what we observed. The
fact that Sp-cAMP-S had no effect in GluR1 knockouts irrespec-
tive of whisker deprivation implicates GluR1 as the substrate of
the PKA phosphorylation event.
These findings are consistent with work on hippocampal LTD.
Previous studies have shown that in naive synapses, Sp-cAMP-
S has no effect on EPSPs evoked in the Schaeffer collateral input
to CA1 cells (Kameyama et al., 1998). However, LTD in this path-
way leads to dephosphorylation of the PKA site on the GluR1
subunit (Lee et al., 2000) and Sp-cAMP-S is only then capable
of potentiating EPSPs (Kameyama et al., 1998). In conclusion,
Sp-cAMP-S is only effective in potentiating EPSPs in animals
that have been whisker deprived. This implies that whisker dep-
rivation, like LTD, leads to dephosphorylation of the GluR1 S845
PKA site.
Conclusions
These studies suggest that the history of a synapse determines
the molecular mechanisms that are engaged during activity-de-
pendent plasticity. Two different kinase pathways may be acti-
vated, depending on whether prior cortical activity has led to
the depression of synapses. The PKAmechanism of potentiation
only becomes active following synaptic depression. Sensory in-
puts to the barrel cortex can be easily manipulated and an ab-
sence of these inputs produces a uniform depression of the syn-
apses.
While a uniform state of synaptic depression is readily
achieved in the barrel cortex, it is not obvious how the process
might be replicated in other regions of the brain with different
types of sensory input. However, work in the hippocampus has
shown there to be an effect of housing enrichment on the PKA
dependence of hippocampal LTP. This suggests that prior con-
textual experience can lead to a change in the phosphorylation
state of the synapses (Duffy et al., 2001).
The PKA-dependent mechanism studied here relies on a basal
level of autonomous activity that can be modulated by depriva-
tion and is determined (in general) by the relationship between
the catalytic and regulatory subunit ratio of PKA and by the
AKAPs that bring PKA into close contact with substrates within
the postsynaptic density (Bauman et al., 2004). It remains to be
determined how deprivation specifically modulates PKA and the
phosphorylation states of its substrates, but the data in the pres-
ent study provide a starting point for investigating this question.
EXPERIMENTAL PROCEDURES
Subjects
We used 4- to 6-week-old CaMKII-T286A point mutants, GluR1 knockouts,
and wild-type littermatemice bred into a C57/Black-6 background. The colony
was maintained as heterozygotes. One hundred ninety-five mice were used in
the in vitro experiments with recordings made from 976 slices (one cell per
slice). Sixty-nine mice were used in the in vivo experiments and recordings
made from 667 layer II/III cells and 381 layer IV cells in deprived barrels. All ex-
periments were conducted in accordance with the UK Scientific Procedures
Act (1986).
In Vitro Recording Conditions and Stimulation Protocols
Coronal slices (400 mm thick) containing barrel cortex were taken from mice.
Slices were maintained in a submersion chamber continually perfused (2–
3 ml/min) with artificial CSF containing (in mM) 119NaCl, 3.5KCl, 1NaH2PO4,
2CaCl2, 1MgSO4, 26NaHCO3, and 10 glucose. The solution was bubbled
with 5%CO2–95%O2 and kept at room temperature (21
C–24C). Intracellular
electrodes (15–20 MU) contained (in mM) 110 K-gluconate, 10 KCl, 2 MgCl2,
0.3 Na2ATP, 0.03 NaGTP. The slightly higher impedance of these electrodes
compared to conventional patch electrodes may help to limit dialysis of the
cell during recordings of more than 1 hr.
The stimulating electrode was placed accurately in a layer IV barrel under
visual guidance using an Olympus Optical BH50WI video microscope and
a transilluminated slice. Cells were chosen in layer II/III within the same barrel
column and patched under visual guidance using a 403 water immersion ob-
jective, differential interference contrast (DIC) optics and infrared illumination.
Whole-cell recordings of synaptic responses in layer II/III pyramidal neuro-
nes were taken at the post-break-in potential (Average Em = 69 ± 5 mV for
wild-types, 72 ± 5 mV for T286As) and recorded in the current clamp config-
uration. Recordings were discontinued if the series resistance changed byNeuron 60, 861–874, December 11, 2008 ª2008 Elsevier Inc. 871
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monitored and found to have reversal potentials close to 0 mV (average Er =
3.2 ± 9.3 for wild-types and 5.6 ± 5.9 for T286A mutants). A pairing protocol
was used to induce LTP; a brief 10 ms current pulse was injected postsynap-
tically, sufficient to produce a spike shortly after the evoked EPSP. The interval
between pre- and postsynaptic spikes was controlled at about 10 ms. Four
trains of 50 pairs of stimuli were triggered at a rate of 2 Hz, with a 30 s gap be-
tween the trains. LTD was induced by pairing a post synaptic action potential
50 ms before the evoked EPSP, a total of 400 times at a frequency of 1 Hz.
Drug Concentrations
To block PKA, either 50 mM Rp-cAMP-S or 10 mM PKI was used in the elec-
trode filling solution. To block CaMKII, 5 mM AIP was used in the electrode fill-
ing solution. To block PKA and CaMKII, 50 mM Rp-cAMP-S was used in com-
bination with 5 mM AIP.
For the slow diffusion experiments with PKA activators or inhibitors, 50 mM
Sp-cAMP-S or 50 mM Rp-cAMP-S were used in fine-tipped, 100 MU elec-
trodes to allow a control period of recording before the blocker/activator
reached the synapses (Kameyama et al., 1998). When these experiments
were attempted with 15–20 MU electrodes we were unable to detect a change
in EPSP amplitudes (data not shown) presumably because diffusion through-
out the cell occurred before we could establish a baseline.
To block cannabinoids, AM251 was used at a final concentration of 2 mM
from a 20 mM stock solution in DMSO. The final concentration of DMSO in
the bath was 0.01%. Appropriate DMSO controls were recorded (see
Figure 8C). As a means of confirming the action of AM251, WIN (Win,
55,212-2) was used to activate cannabinoid receptors at a concentration of
5 mM. Again, appropriate DMSO controls were recorded (Figure S1). Effects
of WIN on both spontaneous and evoked PSPs were measured.
NMDA-mediated responses were pharmacologically isolated in ACSF con-
taining 2 mM CaCl2, 0.1 mM MgCl2, 20 mM CNQX, 1 mM glycine, and 1 mM
bicuculline metachloride. Electrodes were of 15–20 MU resistance and were
filled with an internal solution containing 110 mM cesium gluconate, 5 mM
TEA-chloride, 3 mM NaCl, 20 mM HEPES, 0.03 mM NaGTP, 0.3 mM MgATP,
5 mM EGTA, and 5 mMQX 314 Cl (pH adjusted to 7.3 and osmolarity adjusted
to 290 mOs). Voltage-clamp recordings were carried out at +100 mV to ensure
full EPSC reversal and maximum opening of NMDA channels (Philpot et al.,
2001). Drugs were obtained from Tocris (Bristol, UK), Sigma (Gillingham,
UK), or Biomol (Exeter, UK).
Whisker Deprivation
For in vivo recordings, CaMKII-T286A point mutants and wild-type littermates
aged 4–6 weeks old underwent a chessboard pattern of deprivation, which in-
volved removing the odd-numbered large facial whiskers from rows B and D,
and theeven-numberedwhiskers from rowsA,C, andE (seeFigure1) under iso-
flurane anesthesia. Two chessboard deprivation protocols were used; in one
we maintained deprivation for 7 days by checking for regrowth every 2 days.
Whiskers were then allowed to regrow for 7 to 14 days prior to recording. In
the other protocol, we made a single deprivation followed by 7–9 days whisker
regrowth. In almost all cases, 7 to 9 days regrowth was insufficient for whiskers
to protrude beyond the length of the surrounding spared whiskers. We also
compared the effect of chessboard deprivation with depriving all of the whis-
kersononesideof the face. In the latter case,all the largewhiskers (up toat least
arc 5 on the C, D, and E rows) were removed unilaterally on one side of the face
once and then allowed to regrow for 6–8 days before recording. Subjects were
housed with littermates during the periods of deprivation and recovery.
For the majority of the in vitro slice experiments all the whiskers were de-
prived on both sides of the face for 7 days to allow recordings to be made
from any barrel in either hemisphere. In order to enable comparisons with
in vivo recordings, in a subset of experiments the whiskers were deprived
for 7 days and then allowed to regrow for 7 days as indicated in the text.
In Vivo Extracellular Single-Unit Cell Recordings
Anesthesia was induced with isoflurane and maintained with urethane
(1.5 g/kg body weight). Anesthetic depth was monitored by hind limb with-
drawal reflex, cortical firing properties, and respiratory rates throughout the
experiment and maintained equivalent to stage III slow-wave sleep. Carbon
fiber microelectrodes were inserted through a small hole (50–100 mm) in the
thinned skull, one for each penetration. Vibrissae were trimmed to similar
lengths and then stimulated at 1Hz with a 200 mm deflection from a piezoelec-
tric stimulator positioned 10 mm from the follicle. Recordings were band-
passed between 600 Hz and 6 kHz and spikes discriminated using a voltage
window discriminator. Responses to each whisker in the receptive field were
quantified using poststimulus time histogram (PSTH) analysis for 50 stimuli us-
ing a CED 1401 and Spike 2 software (CED, Cambridge, UK). The response to
the principle whisker was recorded at the start and end of the assessment of
the receptive field and the result averaged for the purposes of further analysis.
The microelectrode penetration was marked by a lesion in layer IV (1 mA, 10 s
tip negative) at the end of recording in each penetration. Horizontal sections of
barrel field were reacted for cytochrome oxidase activity to visualize the barrel
field pattern of layer IV. This permitted accurate conformation of penetration
location and depth of individual cells. Additional coronal sections indicated
layer II/III between 30 and 270 mm, and layer IV to be 270–450 mm from the
pia (see Hardingham et al., 2003, for detailed methods).
Sampling
In order to sample barrel cortex evenly between cases, we used the following
procedure for each penetration: the electrode was introduced to the cortex
and moved to the bottom of layer IV to record the first cell. The electrode
was then moved in 100 mm intervals to the surface in order to record 4–5
more cells in the penetration. Once the electrode had been moved to the
new site, the most easily discriminated cell (usually the one with the largest
spike) was recorded regardless of its responsiveness. If it was difficult to dis-
tinguish a cell at a particular location we moved the electrode plus or minus 20
mm to try and improve it. In some cases the cell did not respond to principle
whisker stimulation, but in almost all of these cases did respond to a surround
whisker. The same protocol was applied in deprived and spared barrel-col-
umns and in undeprived animals.
Statistics
Changes in response level are quoted as mean ± SEM throughout the text un-
less indicated otherwise. To compare the effect of deprivation on whisker re-
sponses across genotype and layer, we averaged the regrown principal whis-
ker responses and the largest surround spared whisker (S1) responses within
each animal for layer II/III cells and for layer IV cells for spared and deprived
barrel columns. We compared animal means within each category using
a two- or three-way ANOVA as appropriate (JMP-IN, Cary, NC). Post hoc anal-
ysis was conducted using t tests where valid as determined from the ANOVA.
Chi-square tests were used to analyze data that was not normally distributed.
To analyze LTP and LTD data we averaged the 80 min recording period into
7 epochs for each drug/genotype/deprivation group. This gave a 15 min base-
line measure and 6 3 10.8 min time points after induction of LTP or LTD. We
initially used a two- or three-way ANOVA to study the last time point (approx-
imately 50–60 min) and post hoc t tests to analyze the source of effects and
interactions where appropriate. Where the time course of the potentiation or
depression appeared to change during the postpairing period, we tested the
point at which it became different from control levels by comparing equivalent
10.8min time epochswith t tests.Whenwewanted to confirm that LTP had not
occurred, we included the baseline time point in the ANOVA and looked for an
effect of time on the EPSPs using an alpha value of 0.05.
SUPPLEMENTAL DATA
The Supplemental Data include three figures and can be found with this article
online at http://www.neuron.org/supplemental/S0896-6273(08)00891-X.
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